Introduction
The distance between the 200-MeV linac and the 750-keV preinjector is designed to be approximately 8 m. A ZOO-mA beam with a phase-space area of 4.5 n cm-mrad must be transported and bunched over this length with minimum loss in beamlquality.
As was first pointed out by Regenstreif, nonlinearities due to quadrupole fringing fields can cause serious emittance growth in low-energy transport channels.
In order to design a satisfactory system an effort has to be made to keep this effect as small as possible.
It is the purpose of this paper to describe how a suitable system was chosen and to show results on beam profiles and emittances along the system which were obtained from numerical beam dynamics calculations including fringing fields and spacecharge effects.
Results obtained for two other, less desirable, systems are also shown.
I. Choice of Magnet System
As mentioned in the introduction the choice of magnet system was aimed at minimizing the effects of quadrupole fringing fields on the beam. Gluckstern2 has recently examined these effects analytically by assuming a field on axis with sharp boundaries and reached the following conclusions: For a periodic transport system made up of triplets with magnet lengths A, 21, 1 and a uniformly charged circular beam of a brightness of log mA/cm2rad2 and higher, the combination of parameters governing the magnitude of both emittance distortions and radial growth is 4 I al --B3P2 k2
where I is the current, P is the emittance, B is the v/c, al is the radius of the beam at the center of a triplet (in the "smooth" approximation used in Gluckstern's analysis the beam will reach its maximum radius at these points).
For a4be?m of given energy and brightness the quantity al/a should therefore be kept as small as possible within the limits of practicability, i.e., the distance between adjacent triplets should be made small in order to prevent the beam from growing too large.
Gluckstern also suggests that the focal length of the triplets could be adjusted to * Work performed under the auspices of the U.S. Atomic Energy Commission.
compensate for some of the distortions and radial growth.
However, for more realistic, nonuniformly charged beams this method of compensation might not apply and no attempt has been made to further reduce fringing field effects along these lines.
A triplet system with a period of 1 m (i.e., the distance between the centers of two adjacent triplets is 1 m) in which each triplet is made up of 10, 20 and 10 cm long magnets, separated by 2 cm, was found to be compatible with keeping the quantity al/a2 small and leaving enough space for diagnostic and other equipment between triplets. The first triplet, 7 cm away from the exit of the preinjector, matches the output emittance of the column to the periodic triplet system. The latter consists of six units and ends approximately at the place of the second buncher.
The additional triplet in the drift space between the second buncher and the linac matches the beam to the admittance of the linac. Its magnets are somewhat shorter than those in the rest of the transport channel, mainly for space reasons.
The beam grows largest in the direction in which the first magnet of a triplet is defocusing and consequently fringing field effects will also become more important in this direction. In order to prevent a cumulative emittance growth, larger in one phase-space plane than in the other, the polarity of the magnets in each triplet is alternated going from one triplet to the other.
The apertures of the magnets are determined by the requirement that they should be roughly twice the beam diameter.
In this way effects from higher order multipole fields will be considerably reduced.
The complete system is laid out in Fig. 1 Neglecting space-charge forces the equations of motion in a transport system are given by3:
where K(s) represents the variation of the gradient along the axis of the system and where the derivatives are with respect to s, the distance along the axis.
If one assumes that K(s) is a step function the value of which is Ko inside the magnet and zero elsewhere then, at the magnet boundaries, K'(s) and K'(s) are proportional to the delta function and to the derivative of the delta function, respectively. The changes in x' and y' at the entrance to and the exit from a quadrupole is given by
There will also be changes in x and y given by
.
The values for x, y, x' and y' in the expressions of Ax', Ay', Ax and Ay are taken as averages of the values just before and just after the fringing field region.
In this way the transformation will have a Jacobian that is unity. Earlier calculations4 on bunching have shown that for optimal longitudinal trapping there is no advantage in using a double buncher to bunch a ZOO-mA beam. Consequently in the present calculations the beam is taken to be continuous up to buncher 2, This buncher is considered as an infinitesimally small RF gap with a peak voltage of 30 kv.
The coupling between the longitudinal and transverse motion introduced by the RF field in this gap has been neglected because one hopes that in practice this coupling effect can be greatly reduced by the use of grids in the buncher gap. 5
In order to include space-charge effects, different procedures have to be used in the four-and six-dimensional calculations.
In the four-dimensional case, the beam is represented by approximately 500 equally charged particles, each of which is assumed to be a very thin, infinitely long cyliqder.
The radius of these cylinders is determined by the requirement that the cylinders fill the x-y cross section of the beam, which is estimated by computing the rms values for the x and y coordinates of all particles.
The entire transport system is divided into sections the length of which are of the order of 10 cm. In the middle of each section * Including terms up to the thi;d o,ger but leaving out expressions containing x , y and x'y'.
space-charge forces acting on the individual particles are calculated and changes in the px and py coordinates, caused by the space-charge forces, in the section, are computed.
For the six-dimensional calculation it is assumed that the beam bunch is represented by a collection of small spheres in a fashion similar to that used for linac computations.
It is described in Refs. 5 and 6. The influence of two adjacent bunches (one on each side of the central bunch, whose motion is being simulated) has also been considered.
In the beginning of the transport system the coordinates of the particles are chosen randomly within a four-dimensional hyperellipsoid whose projections in the x-px and y-py planes are the measured emittances at the exit of the preinjector. This macroscopically uniform four-dimensional distribution does not yield a uniform distribution in its two-dimensional projections.
The density distribution in the x-y plane, obtained by integrating over px and py, is given-by P(x,Y) -(1 -r*> , where x = xmax r cos 0, y = ymax r sin 0 and Osrsl:
(At the exit of the column the beam is circular and xmax = ymax = R, where R is the radius of the beam.) Fig. 1. Figures 2a, 2b, and 2c show the distribution of particles in the x-px and y-ey planes, respectively, in the beginning of the system, at the place of the second buncher and at the input to the linac.
Beam profiles and rms areas are shown as function of distance along the axis of the system in Figs. 3a and 3b. As can be seen from the beam profiles the motion of the beam is not entirely periodical with the given quadrupole settings.
However, in practice, one hopes to make the periodicity more complete by watching the beam in the viewing boxes halfway between triplets and to adjust the gradients until the beam comes to a circular focus at these points.
Figures 4a and 4b show results obtained with a different triplet system. It extends-up to buncher 2 only and contains four triplets.
(Each triplet again consists of 10, 20, 10 cm long magnets separated by 2 cm.) The first triplet matches the beam from the preinjector to a periodic triplet system, which in this case consists of three units only.
The distance between the centers of two adjacent triplets is almost twice as large as that of the system in Fig. 1 . Consequently the beam grows too large in the magnets and fringing field effects become more serious.
A transport channel in which the seven first triplets of the system in Fig. 1 are replaced by doublets with 20 cm long magnets was also tried. The first magnet of each doublet focuses in the x-direction.
If one wants to avoid large fringingfield effects the beam should not be too large in the y-direction at the place of the second magnet of the doublet.
The gradients were therefore adjusted to make the beam go through a minimum in the y-direction just before entering a doublet. This scheme causes the beam to become very eccentric, as can be seen from Fig. 5a . Figure 5b shows a considerable increase in rms phase-space areas, both with and without fringing-field effects.
This emittance growth is probably caused by nonlinear space-charge forces in the highly eccentric beam.
IV. Conclusions
Numerical calculations, taking into account the effects of space charge and quadrupole fringing fields, suggest that at 750 keV a 200-mu beam with an emittance of 4.5 n cm-mrad can be transported and bunched over approximately 8 m with moderate loss in beam quality.
The emittance growth caused by transporting the beam up to the buncher (-7.5 m) is only about 35%. This growth, however, is increased to about 100% between buncher and linac entrance. 
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. Pig. Sb. Relative emittances for a seven-doublet transport system up to the buncher.
